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I. Executive Abstract

Powder metallurgy is a route often taken in superalloy processing, and hot

-' isostatic pressing (HIP) to near-net shape is the most costJeffective method of

superalloy powder consolidation. However, as-HIP superalloys have been plagued

by poor mechanical properties,"which can be ascribed,4-oa*,erials cleanline -

andrkto prior particle powder boundaries (PPB). The solution to *ie-fi-stA 2 -

problem-4,he policing of the process, and- the solution to the second problem

is more technical and-pIvots about altering the deformation mechanism comprising

HIP densification to minimize PPB.

Previously the mechanisms of densification during HIP have not been well

understood. It is. thought that, under the commercial temperature and pressure

conditions of HIP of superalloy powders, deformation occurs primarily by creep.

-Since ifhcommercial powder consists of particles of unequal size, a variation

in the extent of deformation is seen -The small particles are smeared

between the large particles, which remain relatively undeformed.jtltgre l-).-The

undeformed boundaries or PPB are sites for precipitation of blocky gamma prime

and deleterious carbides. If deformation of all powder particles could be

maximized, PPB would be Minimized and a more reliable consolidate would be the

result. However, the knowledge of mechanisms and kinetics of HIP is not

sufficient to indicate temperature and pressure conditions for uniform maximum

deformation of all powder particles.
t,e r

ATh1s research/ program was-undertakieW to advance -the.scientif ic

understanding of HIP and to apply that understanding to HIP processing, and

demonstrate improved mechanical properties. In Years One through Three of the

program, several of our goals set in previous proposals have been met.

In Year One, the argon-atomized Rene 95 powder used in the HIP studies was
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completely characterized in terms of surface morphology, porosity,

microstructure, and. carbon and carbide content. Furthermorep>HIP runs .were done

at one commercial pressure and temperature (1120kC and 103 MPa) for varying hold

times it-8o minutes)>and for three different size distribution of powders:

monosized (-170 *200), bimodal (80% -170 +200,20% -400 +500), and full size

(-150 mesh). Contrary to industrial belief, densification was nearly

instantaneous.- Full density was reached even with a hold time of only 5

minutes. The mechanism of deformation at these conditions is mainly athermal

plastic flow rather than creep deformation. It was found that tliWrapid

deformation and/or full size powder d1stributlon'leadto a greater density of

PPB.

Consolidation at atmospheric pressure (CAP) runs were also conducted at two

temperatures (-1-18Cand 1121*C, at .101 MPa)>for varying hold times3f 1 the

full powder size distribution, and experimental densification rate laws have

been obtained. At the higher temperature of 12180C, sintering and grain

coarsening are expected to be dominant, since the V' solvus of Rene 95 is around

11600C and the solidus is around 12460C.

In Year Two, in order to promote more uniform densification deformation,

i.e., creep, additional HIP runs were done at two conditions of lower pressures

and temperatures (9000C, 103 MPa and 10000C, 10.3 MPa) for varying hold times

(5-180 minutes) and for the same three powder size distributions. Experimental

densficatioan rate laws have been obtained. No fully dense material was

obtained, even after 3 hours hold time. The uniformity of densification was

analyzed by PPB morphology.

In the second and third years, high temperature tensile tests were also run

on as-HIP Rene 95 to determine the strain rate and temperature regime of

superplastic deformation. Calculations are now being done to relate true strain

rate to HIP pressure. In addition, more tests, using stepped strain rate

. .. . . . r S , ,.a .. .. , ', q , ' ' S*". S ,%%" ' ' %i '-



tensile tests, have been performed.

In pace with the experimental work, an analytical model for the mechanisms

and kinetics of HIP densification was developed and is now in publication.

Now, at the end of the third year, all HIP and CAP material from Years One

and Two has been analyzed in quantitative terms of PPB and powder particle

deformation.

t

[ -r*
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100 ipm

Figure 1. PPB morphology in fully dense Rene 95
consolidated at typically reported HIP conditions

(-14 0 mesh powder, 11200C, 103 MPa).
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II. Progress Report for Year Three

A. Regimes in Pressure and Temperature of the Various Deformation Mechanisms

The mechanisms of deformation in various pressure/temperature regimes were

determined by running true strain rate controlled tensile tests at strain rates

ranging from 2 x 10-5/sec to 1 x 10-2 /sec and temperatures of 10000, 10500,

11000, and 11500C, temperatures in the range where HIP and forging of Rene 95 is

done. The strain rate results are indicated in Figure 2 as a log-log plot of

the flow stress (c) versus strain rate (c). The slope of the curves, that is,

the strain rate exponent (m), is plotted in Figure 3 as a function of the strain

rate and shows an anticipated peak In the exponent m at the temperatures

investigated. The ductility results are shown in Table I with the associated

values of m. All values shown are for engineering strain at failure except for

those in parentheses, which were tests terminated before failure.

Superplasticity is expected to dominate the deformation behavior at the peak (m

> .3) although relatively large ductilities (indicating some superplastic

behavior) was obtained even at off-peak values of m (m < .2), i.e., at 11500C

and 1 x 10-*/sec, m - .19 although the ductility was 148 percent. This appears

to be due to grain coarsening (Figure 4), especially since 11500C is above the

Y' solvus. We also found evidence of low ductility (40 percent) at close to peak

value of m at the temperature of 11000C, and we believe that prior particle

boundaries may inhibit superplastic deformation by offering sites for crack

nucleation especially at the higher stress regimes and higher strain rates. Thus

optimal superplastic behavior in terms of ductility is obtained at lower

temperatures and when the peak value of m is reached at lower strain rates.

Microstructural analysis has been done to confirm this hypothesis.

* V **~V ~ - ~-' .~..V'.. 1 *~*'~'*~*
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Tabl e I.

24-5 M 4-4 M I13 m 34 3 M 4-22x1O "  m lxlO"  m lxlO "3  m 3xlO "3  m lxlO"

1000c (240%) .46 239%

10500C (234%) .45 515% .49 160% .40 60%

11000C (190%) .22 445% .38 160% .46 72% .35 35%

1150C 148% .16 60% .37 40% .33 40%

To further elucidate the deformation mechanisms, the activation energy (Q)

for the deformation at various values of stress was found and the results of Q

versus a are shown in Figure 5 along with literature values of Q for various

mechanisms for the purposes of comparison. Consistent with our analysis,

superplastic behavior appears to be favored at Intermediate stresses. If the

stresses are too low, diffusion is favored whereas at high stresses a transition

appears to occur to a power law creep mode. We believe that the regime of

superplastic behavior can be further extended by limiting PPB formation,

particularly for the lower temperature HIP runs for which the creep stresses are

relatively high.

In order to more fully investigate the superplastic behavior of Rene 95,

stepped strain rate tension tests (Figure 6) were used (initially to

conserve material). However we found that the flow stress of the material was

path dependent on the strain rates at the temperature investigated, and m could

not be validly determined (Figure 7). Further invesigation into this effect

showed that another aerospace material, TI-17, was indeed strain rate path

Independent at temperatures typically used for forging of the material, for

'p4 • \



stepped strain rate tests in compression (Figure 8). The titanium alloy is

probably path independent due to the lack of work hardening, as can be seerr in

the very flat a-c curve at these temperatures, particularily since the forging

temperature for Ti-I? is relatively high compared to the melting temperature of

the material. Rene 95 is isothermally forged below the Y' solvus temperature to

prevent excessive grain growth, and the material undergoes work hardening. These

results have some impact in forging, because tensile and compression tests are

used as input for predictive forging modeling, and for some cases, the forging

process may not be accurately represented by single strain rate tensile or

compression tests.

* ~ * ~~ ~-.-:~:~r
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Figu.re '4. Rene 95 tested at 11500'., c 1 x 0
showing gra~in coarsening and cavitation.
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Figure 5. Activation energy versus peak true
stress. Note the transition from diffusion to power
law creep.
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TEST MATRIX
926.6C 898.96C 871.1"C

(1700-F) (1650-F) (1600"F)

1x 10 1 10%

IX iCT4  10% 10% 10% 10% 10% 10%

Xy 3  60% 10% 10% 10% 6 1% 10% 10% % 10% 10%

1I~y 60 10% 10% 30% 60% 1% 10% 10% 60 0% 10% 30%

I xi If, 0 10% -30% 60% 10% 30% 30% 60% 10% 30%

1 xcr e(Ov 3160% 30% 6 -3 60% 30%

Engineering Strain at Strain Rate

Temperature straddles forging and die cooling temperatures

Figure 6. Schematic of a stepped strain rate test.
There is a 10% c dwell at each strain rate.
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T=927-C (1700-F)

U)

Lu

0 2 3 .44 .55

TRUE STRAIN (IN/IN)

Figure 7. Single and stepped strain rate
compression tests for TI-17.

di%
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RENE 95
TI1000C, Final k=3x1O-'sec-,

15000

S10000

0.

0.0 0.2 0.4 0.,6 0.8s
True Strain

Figure 8. Single and stepped strain rate tensile
tests for Rene 95. Note the difference in flow stress
for the same strain rate.
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B. Influence of Particle Size Distribution and HIP Conditions

on HIP Densification

The kinetics of powder densification and powder morphological changes were

determined initially at one commercial pressure (P) and temperature (T) condi-

tion of 11200C and 103 MPa for the nickel base superalloy Rene 95. It was found

(a surprising fact to the relevant industry) that consolidation for all the

particle distribution cases occurred very rapidly (full density reached in 5

minutes, see Table II), mainly by instantaneous plastic flow instead of by local

creep deformation. It was also found that non-creep deformation and/or a full

distribution of particle sizes can result in a greater number of undeformed

particles in the bonsolidates. The boundaries of these undeformed particles can

become prior particle boundaries (PPB). For example, see Figure 9 showing

minimum PPB for the monosized case and maximum for the full size distribution.

Table II. Percentage of Full Density, Year One HIP Runs

% Full Density (100% - 8.290 g/cm')

Powder Hold Time, min

Distribution T, OC P, MPa 5 15 30 60 110 180

Full 1120 103.0 100 100 - 100 - 100

Bimodal 1120 103.0 100 100 100 100 100 100

Monosized 1120 103.0 100 100 100 100 100 100

Full 1120 10.3 92.6 96.5 - - - 99.6
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At the lower pressure of 10.3 MPa, densification was somewhat less rapid

(see Table II), and there was clear evidence (see Figure 10) that the smaller

particles underwent the greater proportion of plastic deformation during the

HIPing process.

To obtain clear kinetic data, CAP (1 atmosphere, 0.101 MPa) densification

on a full size distribution was conducted at two temperatures of 12184C and

11210C, and the densification results from these tests are shown in Table III.

Clearly, the densification, as expected, is much slower under CAP pressure con-

ditions than at the commercial pressure conditions. The densification mechanism

and microstructural evaluation of the CAP specimens are presently underway.

d

Table III. Percentage of Full Density, CAP

% Full Density (100% - 8.290 g/cm')

Powder Hold Time, min

Distribution T, -C P, MPa 5 15 60 180 420 960

Full 1218 0.101 66.2 69.8 77.8 90.8 94.0 99.0

Full 1121 0.101 63.9 69.0 67.5 71.4 74.9 78.0

In Years Two and Three, HIP densification was conducted at three lower

temperatures and pressures (8000C, 103 MPa; 9000 C, 103 MPa and 10004C, 10.3 MPa)

for all three size distribution cases. The densification results (Table IV)

indicate relatively slower densification as with CAP, and powder particles are

probably undergoing creep and/or superplastic deformation.

6
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Table IV. Percentage of Full Density, Year Two HIP Runs

% Full Density (100% - 8.290 g/cm3 )

Powder Hold Time, min

Distribution T, OC P, MPa 5 15 60 180

Full 800 103.0 - - 76.1 -

Full 900 103.0 79.1 81.6 84.2 89.4

Full 1000 10.3 75.7 77.3 80.4 85.2

Bimodal 1000 10.3 75.0 77.2 85.1 91.4

Monosized 1000 10.3 71.6 79.6 81.1 85.2

Figures 11, 12, and 13 show the effect on kinetics of temperature,

pressure, and powder size distribution, respectively. The vertical dotted line

represents the four hour hold time, as is generally reported for HIP of Rene 95

in the literature. Lowering either the temperature or the pressure slows the

densification rate, however temperature (at least at 103 MPa) has a greater

influence on the kinetics. For only a 2000C drop in temperature, densification

is slowed to the point that none of the HIP runs reached full density in four

hours (Figure 11), but an order of magnitude drop in pressure still yields fully

dense material within four hours (Figure 12). In Figure 12, the difference in

consolidation mechanism for CAP is clearly seen by the concave shape of the

densification curve. The powder size distribution appears to have only a small

effect, due mainly to the difference in initial powder densities. This small

effect even lessens as densification progresses.

The deformation of individual powder particles in the not-fully dense

material is difficult to judge, however, looking at the curvature of the
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boundary between two particles in a bimodal distribution gives a qualitative

picture of particle deformation. Three cases exist - the boundary may deflect

toward the small particle, the large particle, or the boundary may be even

between the two particles (Figure 14). The initial curvature of the boundary

gives an indication of which particle will deform more as densification

proceeds. By looking at the relative number of each type of boundary, the

uniformity of deformation can be determined. Figure 15 shows the microstructure

of material from two different HIP runs - both are bimodal powder distributions.

Figure 15(a) shows material consolidated at 11200C, 103 MPa, and Figure 15(b)

shows material consolidated at 10000C and 10.3 MPa. Table V shows the relative

number of contacts for the two HIP conditions. It is clearly seen that the lower

temperature and pressure HIP leads to more uniform deformation. This is

probably due to the change in deformation mechanism operational during

consolidation.

Table V. Relative Number of Each Type of Boundary.

Relative Percentage of Contacts

Deforming Particle 11200C 1000°C

Small 44% 31%

Large 20% 36%

Equal 36% 33%

In light of the densification kinetics obtained from HIP runs of Years One

and Two, the HIP conditions for Year Three/Four HIP runs have been chosen.

Larger scale (30 lb. cans) are being produced, of full and monosized powder
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distributions. The lead time is especially long for this large quantity of

monosized powder, and the powder Is scheduled to be available Spring 1986. HIP

conditions have been tenatively chosen (Table VI) to achieve full density at

lower temperatures and pressures, with two cans at the baseline 11200C, 103 MPa

condition.

Table V1. Year Three/Four HIP Run Conditions (tenative).

Powder Distribution T, OC P, MPa t, hrs

Full and Monosized 1120 103

Full and Monosized 1100 10.3

Full and Monosized 1000 103

Full and Monosized 1000 50 8

Full and Monosized 950 103 8

4'

.. .. .. .. .. . .. .. .. .. .. .. .. ... . . -
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I I0 pm

Figure 9. Optical micrographa of HIP Rene 95 powder
after a five minute hold time at 11200C and 103 MPa
fDr a) monosized. b) bimodal, and c) full sized powder
distri butt on.
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Figure 11. Effect of temperature on kinetics Of
full Sized R~ene 95 powder at 103 MPa.
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Figure 12. Effect of pressure on kinetics of full
sized Rene 95 powder at 11200C.
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Figure 13. Effect or powder distribution on kinetics
of Rene 95 powder at 1000*C and 10.3 MPa.
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Small Large Equal

Figure 14. Curvature of particle boundaries showing
the three cases Of powder particle deformation.
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b

Figire 15. Bimodal Rene 95 powder H70ed at a)
1120'C, 103 MPa, 3 hr5.; b) 10000 11, 10.3 M~a, 3 h.
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C. Analytical Model for HIP Densification

Previous modeling of densification kinetics by Arzt, Ashby, and Easterling

considers only a single particle size. However, in reality P/M consolidates are

made of a natural distribution of powder sizes below a given mesh size. The

possible disparity between theory and practice has prompted the development of a

new model to incorporate the influence of a particle size distribution on both

the kinetics of HIP densification and the deformation mechanisms operating

during HIP consolidation of superalloy powders. This is done for a more

realistic bimodal (or two size) distribution of powders. In order to rederive

the HIP densification mechanism map for a bimodal particle distribution,

expressions are derived for (a) the distribution of unequal sized particles in a

random mixture, and (b) the relationship between the interparticle contact force

and the applied pressure.

The radial distribution of powder particles in a bimodal distribution was

also experimentally determined by point counting on sections of powder mounted

in plastic. Figure 16 shows the results as (Nij), the number of particles of

size j around a particle of size I, as a function of radial distance normalized

to the radius of the small particles (i,j - 1). The large particles are denoted

as ij - 2.

The results of (a) are obtained in open form using the Percus-Yevlk hard

sphere approximation for the molecular structure of liquid alloys as derived by

J.L. Lebowitz, namely,

6-1

rg (r) = (1/2wi) 12(n i ) C (s) exp(sr) ds (1)

ij 6-i I j ij

-lei
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th th

where g (r) is the'radial distribution function between the I and j

ij

particle, n = ip /6 where p is the density of the i-type atom in nos./unit

I i i

volume. G , which is the number of atoms at any given distance, r, from a

ij

central atom and in a thin shell of thickness, dr, is given by

G (r) - p 4wr~g (r) dr (2)

ij S ij

To relate the applied stress, a , to the interparticle contact force,

app

F, the relationship for the single size case was modified for the bimodal case

to give

a = (F/4w) [(1-c-f2 )Gj./r2 + (1-c-f,)G 12 /rl

app 2

+ (1- e:-f )G ,/r l + (1- -f )G ,/r 23 (3)

1 2

where c is the void volume fraction, f, and f. the volume fractions of the two

different sized particles with respective radii r, and r., G,,, G=, and GI, are

the coordination numbers 11, 12, and 22, respectively.

Given the above new formulations described by Eqs. (1), (2), and (3), the

new model then proceeds to derive for the bimodal case the density as a function

of time using the premise that the densification can be modeled by a fictitious

growth of the particles around their centers, with the equations involved here

being those of mass balance and geometry.
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The final results of the theory are shown in Figures 17 - 20. It is

interesting (see Figure 17) that the interparticle deviatoric stress causing

particle deformation is of the order of 0.1 to as high as 100 times the HIP

pressure depending on the particle size and the instantaneous density. Further,

this deviatoric stress on the smaller particle can be of the order of 1.5 times

that on the larger particle. In addition, Figure 18 indicates that the smaller

particles undergo the greater degree of plastic deformation relative to their

larger counterparts. These results are in contrast to the Arzt et al. model

wherein all particles experience the same levels of stress and strain.

As mentioned (see Figure 10), the smaller particles in a distribution of

particles undergo the greater degree of plastic deformation. The theoretical

result (see Figures 19 and 20) is even consistent with this finding. Figure 18

predicts, for example, that as both the size and number of smaller particles

decrease, the width of the hatched region appears to increase and so does the

athermal plastic flow regime in the HIP densification mechanism map.

I I I 1 , a !t&

*
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Figure 16. Results of the distribution N1 . for the
bimodal case vith 10s mall particles. The solid points
are the experimental data points. The lower solid
theoretical curve In a) through d) is for D, = 0.557 and
the upper solid theoretical curve is for D, - 0.671. the
measured upper and lower bounds for D, (the Initial powder
density). The dashed curve Is the analytical result for the
average relative density value of 0.61. All radial
distances are normalized to the small particle diameter R,.
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Figure 17. Interparticle contact stresses experienced by smaller
and larger particles during HIP of a bimodal size distribution of
powders as calculated by Nair and Tien. Clog (P/Y) - -1.0, T
11200C].
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Figure 18. Plastic strain suffered by smaller and larger particles
during HIP of a bimodal particle size distribution of powders as
calculated by Nair and Tlien. Clog (P/)) - -1.0, T - 11200C].
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